In the housefly, Musca domestica L., sex is usually determined by a dominant factor, M, located on the Y chromosome. However, there are 'autosomal male ' (A M ) populations in which the M factor is located on one or more of the five autosomes (I-V) or on X. We examined changes in the frequency 
Introduction
In the housefly, Musca domestica L., sex is determined by a dominant factor, M, located on the Y chromosome. There appears to be multiple copies of M on Y . Males are XY M and females are XX (Hiroyoshi, 1964; Du¨bendorfer et al., 2002) . This is believed to be the ancestral state of sex determination in houseflies (Bull & Charnov, 1977) . However, there are 'autosomal male ' (A M ) strains in which the M factor is located on one or more of the five autosomes (I-V) (Franco et al., 1982; Inoue et al., 1983 ; Tomita & Wada, 1989) or occasionally on X (Schmidt et al., 1997) . In these A M (or X M ) strains, females are XX and males are also XX (or XO) (Hiroyoshi, 1964 ; Wagoner, 1969 ; Franco et al., 1982 ; Denholm et al., 1983 Denholm et al., , 1990 . The M located on Y is thought to be the same factor as the M located on any of the other autosomes (Tomita & Wada, 1989 ; Schmidt et al., 1997) . Clines in the relative frequency of Y M and A M males have been reported from the USA (Hamm et al., 2005) , Japan (Tomita & Wada, 1989) and Europe (Franco et al., 1982 ; Kozielska et al., 2008) , with Y M males being more common with increasing latitude (and in some cases altitude), and the cline in Europe appears to be stable (Kozielska et al., 2008) .
Populations Cakir, 1999) and produces females even in the presence of up to three M factors (McDonald et al., 1978; Schmidt et al., 1997 ; Hediger et al., 1998 Populations with autosomal males may produce a variety of sex ratios depending on the number of M factors present in the males and the frequency of F D in females. According to Fisher's theory, the optimal sex ratio is 1 : 1 due to the concept of random mating, because if one sex is rare it will have greater reproductive success (Fisher, 1958; Goodenough et al., 1993) . Therefore, the only stable situation is for parents to produce equal numbers of male and female offspring, and any deviation should be automatically corrected (to 1 : 1) with selection (Fisher, 1958) . Housefly populations that contain males with a single M factor will produce offspring with a 1 : 1 sex ratio. . A male heterozygous for M on two linkage groups will produce offspring with a 3 : 1 ratio of males to females. The 7 : 1 male/female ratio is produced when three M factors exist in heterozygous form. These situations all assume that the female does not carry the F D factor. Despite the relatively high mobility of houseflies (Schoof & Siverly, 1954) (Hamm et al., 2005) . Conversely, male flies collected from Florida in 1973 (McDonald et al., 1975 and 2002 (Hamm et al., 2005) were all III M /III. However, flies in neighbouring Alabama (Marshall County) collected in 1998 were XY M (Liu & Yue, 2001 (Kozielska et al., 2008) and no studies have examined laboratory strains.
Herein, the frequency of A M and Y M males in the North Carolina population was re-evaluated after being in the laboratory and the field. The present study reveals that the frequency of Y M and III M (and even males with two M factors) can change very rapidly in the laboratory, but that changes are much slower in field populations. The frequency of F D in the laboratory and field populations was also determined. . each generation) . The aabys strain, with visible recessive markers ali-curve, aristapedia, brown body, yellow eyes and snip wings on autosomes I, II, III, IV and V, respectively, was used to determine the linkage of M.
Materials and methods
All flies and larvae were kept at 28 xC with a 12 : 12 h light/dark photoperiod. Housefly larvae were reared on a medium prepared with 1 . 8 litres of water, 500 g calf manna (Manna Pro Corp., St. Louis, MO), 120 g bird and reptile litter wood chips (Northeastern Products Corp., Warrensburg, NY), 60 g dried active baker's yeast (MP Biomedicals, Solon, OH) and 1210 g wheat bran (Cargill Animal Nutrition, Minneapolis, MN). Adult fly colonies were kept in mesh cages (35 . 6r25 . 4r26 . 7 cm 3 ) provided with a 1 : 1 mix of sugar and powdered milk and water ad libitum.
(ii) Linkage of M To determine the linkage of M, a backcross experiment was carried out as previously described (Hamm et al., 2005) . One to four day old male flies (from NC Lab 02:06, NC 2006 or NC 2007 strains) were individually crossed with 3-6 unmated aabys females (2-5 days old). Flies were kept in 270-ml paper hot cups (International Paper; Post Turbhe, Navi Mumbai, India) with polychiffon tops and were fed with granulated sugar/powdered milk (1 : 1) for 3 days. Water was provided using saturated cotton. After 3 days, flies were placed into cups with media (see above) to oviposit, and were provided cotton soaked in a 10% sugar water solution. Media cups were changed every other day for 7 days. Media cups with eggs were stirred and additional medium was provided on the day adult flies were removed. Cups were misted with distilled water daily for 4 days.
Emerging F 1 males and females were counted. Three F 1 males from each original male were individually used in a backcross with 3-6 aabys females as described above. If the F 1 ratio was 1 : 0 (males/ females), then eight backcrosses were made. The emerging backcross individuals were phenotyped according to sex and markers. XY M males were identified by the lack of association between sex and the autosomal markers, whereas III M /III males were identified by backcross females being brown body and males being wild-type.
A t-test was performed for pairwise comparisons of the means for each linkage group from all strains tested. A significant P-value (f0 . 05) indicated that the means were significantly different.
To determine the frequency of F D , one NC Lab 02:06 male was crossed with one aabys female and one NC Lab 02:06 (or NC 2007) female. Both females were left with the male for at least 4 days. After day 4 the males were removed and each female was individually placed into a cup with media (see above) to oviposit. During this time, flies were provided with cotton soaked in a 10% sugar water solution. Media cups were changed every other day for at least 7 days. Media cups with eggs were stirred and additional medium was provided the day adult flies were removed. Cups were misted with distilled water daily for 4 days.
The F 1 males and females were counted for each female. The aabys ,rNC Lab 02:06 < crosses that produced all male offspring identified the male as A M /A M . If the NC female that was crossed with the same male produced male and female offspring, then she carried an F D factor. F 1 sex ratios from each of the above crosses used for F D determination were used to calculate a x 2 value relative to the expected possible ratios (1 : 1, 1 : 1 . 67 and 1 : 3) ( Table 1) . If the x 2 value showed significance for one ratio, the data were used to determine female genotype. In rare cases where no ratio was significant or two or more ratios showed significance, the data were excluded. (Fig. 1 ). We were unable to distinguish Y M from X M in males with our crosses, as no marker is known for the X or Y chromosomes in houseflies. The differences between the NC 2002 and NC Lab 02:06 strains are unlikely to be due to genetic drift as a minimum of 800 flies were used to start each new colony cage (i.e. each generation).
Results
The NC 2006 F 1 progeny (aabys ,rNC 2006 < ; 102 out of 110 crosses produced offspring) had only one individual that produced all male offspring (35 males, 0 females). Eight of 102 crosses produced a male/ female sex ratio of >0 . 70 and <1 . 0. When male per
